The peripheral nerve branch innervating the femoral muscles of the common yellow jacket (Vespula carolina) has been found to possess a thick lenmoblast basement membrane and a complex mesaxon. The term "tunicated nerve" is proposed to designate the type of peripheral nerve in which one or several axons are loosely mantled by meandering, cytoplasm-enclosing membranes of the lemnoblast.
INTRODUCTION
Insect muscles have been studied with the electron microscope and shown to vary in ultrastructure in accordance with their function and metabolism (see Edwards and Ruska, 1955; Edwards, Ruska, de Souza Santos, and Vallejo-Freire, 1956 , for references). The present paper is the first in a comparative electron microscopic survey of invertebrate peripheral nerves and neuromuscular junctions, which also differ considerably with muscle types involved.
The general picture of an insect peripheral nerve, as derived from light microscopy, is as follows. The nerve is thought to be covered by a *Fellow of the Belgian-American Educational Foundation and of the Damon Runyon Memorial Fund. Present address: Laboratoire d'Anatomie Pathologique de l'Universit~ Libre de Bruxelles, Brussels, Belgium.
homogeneous sheet of connective tissue, the "neural lamella" (Scharrer, 1939; Hoyle, 1952; Twarog and Roeder, 1956) , secreted by underlying, nonnervous cells, the "perineurium" (Scharrer, 1939) , or "perilemma" (Hoyle, 1952) . Peripheral nerves generally have been considered as freely coursing axons, each fiber of which is covered by a nucleated sheath, the "neurilemma" (Wigglesworth, 1953; Weber, 1954) . It has been further suggested that a number of sensory fibers may fuse to form a compound axon (Pringle, 1939) . A nerve may contain both motor and sensory fibers, and a given motor nerve is believed to contain either fast or slow components or both. Large and small fibers, possibly corresponding with the fast and slow elements respectively, have been observed within a single nerve sheath in Cicadidae, and up to six fibers have been reported within a nerve in Jassidae (Tiegs, 1955) .
Two types of endings of motor nerves have been 107 described in insects. The terminal branches of nerves without an "end plate" run lengthwise upon, or wind around, the muscle fibers. They are believed to terminate on the muscle fiber surface, as in the cockroach (Marcu, 1929) , or to penetrate the sarcolemma and terminate among the myofibrils, as in the dragonfly larva (Rogosina, 1928) and various Diptera (Tiegs, 1955) , or to be confined to that zone immediately beneath the sarcolemma of the muscle fiber, as in Cicadidae (Tiegs, 1955) . In the second type of ending, as in Coleoptera, Diptera, Hemiptera and Orthoptera, the neurilemma merges with the sarcolemma. The total ending becomes raised up into a Doy~re's cone, morphologically considered as a motor end plate. Branches of the nerve "brushes" then course longitudinally along the muscle fiber, and/or penetrate the sarcolemma and terminate among the myofibrils (Snodgrass, 1935; Marcu, 1929; Tiegs, 1953; . Numerous endings from a longitudinal nerve may occur along a single muscle fiber (Marcu, 1929; Weiant, 1953; Roeder, 1953; • Tiegs, 1955; Hoyle, 1957) , generally at intervals of 40 to 80 microns.
In the present study, hundreds of dectron micrographs of peripheral nerves, neuromuscular junctions, and musde fibers from femoral muscles of the common yellow jacket wasp have been studied. The results give a dear differentiation of peripheral axon, synapsing axon, nerve sheath cell (lemnoblast), and "connecting tissue" (tracheoblasts), and darify their morphologic relations with the innervated muscle fiber. The now more complete and detailed morphologic background will serve as a basis for the future interpretation of measured physiologic phenomena.
Material, and Methods
Femoral muscles of the common yellow jacket (Vespula carolina) were prefixed in situ for 15 minutes with 2 per cent osmium tetroxide buffered to pH 7.4, then dissected out, and their fixation continued for 1 hour in the cold in 1 per cent buffered osmium tetroxide. All subsequent steps, until the final embedding, were carried out in the cold. The fixed muscles were washed with buffer (Zetterqvist, 1956 ) at pH 7.4, and dehydrated in graded ethanols and acetone. Bundles of several muscle fibers each, with attached tracheoles and nerves, were embedded in a mixture of 80 per cent butyl-20 per cent methyl methacrylate with 3 per cent Luperco initiator, at 45°C. for 24 hours. Sections were cut with both glass knives and the diamond knife (FernAndez-Mor£n, 1956 ) in the Porter-Blum microtome. Micrographs were taken in the Siemens Elmiskop I and the RCA EMU 3B electron microscopes at original magnifications of 1,800 to 20,000 ×.
RESULTS
I. Peripheral Nerve.--The peripheral nerves were followed from larger branches supplying several muscle fibers, through smaller branches contacting the individual muscle cell, to the final synapses. The largest nerve (2.3 x 7.3 g) observed in cross-section contained five axons, of diameters from 0.6 to 1.4 #. The smaller nerve branches, generally seen dose to or touching upon, the individual muscle fibers (Fig. 1) , averaged 2.6 ~t diameter, and typically contained one large central axon (1.3 #). Naked axons do not occur. All nerves consist of ensheathing lemnoblasts and axons suspended within the mesaxons formed by complex infoldings of the lemnoblast plasma membrane (Figs. 1 to 4 ). Even the smallest nerve branches have their own tracheal supply from accompanying tracheoblasts (Figs. 2 and 3 ). All small nerves show the same composition, being so similar, in fact, that those from different preparations often appear as serial sections from the same preparation.
The lemnoblast basement membrane varies in thickness from 35 to 220 mtt. The structure of thick basement membranes appears similar to the cuticle as seen in electron micrographs, i.e. alternating layers of materials of greater and lesser densities. The plasma membrane of the lemnoblast, averaging 10 m~ in thickness, is separated from the basement membrane by an interspace. The plasma membrane of the lemnoblast invaginates to form the mesaxons, within which the axons are suspended. The mesaxon may be simple, or may be devious, making many turns throughout the lemnoblast cytoplasm and forming a loose mantle of membranes around the axon (Figs. 1 to 4 and Text- fig. I ). The space (probably continuous with the interspace of the cytolemma) between the membranes of the mesaxon averages 10 rag. At times the membranes separate widely to form large interspace lacunae. The lemnoblast cytoplasm conrains mitochondria, an abundance of membranelimited profiles, and a finely granular ground substance between several membrane layers. The nudeus of the lemnoblast (Figs. 3 , 5, and 6) is generally situated to one side in the nerve, is narrow and dongated, and has such characteristic nuclear features as a double limiting membrane, peripheral aggregates of chromatin, one or more nudeoli, and scattered nuclear granules. The individual axon and the lemnoblast are separated from each other by their respective plasma membranes and an interspace, averaging 10 m~ in width. The axonal cytoplasm of the peripheral nerve contains numerous mitochondria (270 x 170 m#), neurofilaments averaging 20 m# in diameter, and some profiles of tubules. The number of neurofilaments decreases and that of mitochondria increases as the nerve approaches the muscle fiber. The membranes of the above described loose mantle make several irregular turns around the axon (Figs. 2 and 4), giving the appearance of an early stage of myelination. The double membrane spacing is quite irregular, and no formation of closely packed lipoprotein layers occurs as in the vertebrate myelinated nerve.
Tracheoblasts.--In the majority of images,
tracheoles can be seen to supply the lemnoblast at several points on its surface (Figs. 2, 3, 5, 6, and 8) . The basement membrane of the tracheoblast and that of lemnoblast fuse indistinguishably. Between the lumen of the tracheole and the cytoplasm of the lemnoblast, there are interposed tracheolar intima, tracheoblast plasma membrane, fused basement membranes of tracheoblast and lemnoblast, and the plasma membrane of the lemnoblast. At this point, it should be remarked that all basement membranes, and connecting or supporting extracellular materials in the insect show a similar cuticular structure. No fibroblasts or fibrils, as in vertebrate and non-arthropod invertebrate connective tissue, have been identified in any insect tissue or organ in the electron microscope.
The "connecting" tissue of the insect, as seen in all preparations to date, consists of tracheoblasts. They intimately accompany all tissues; the respective basement membranes being merged at contact points (of. Figs. 2, 3, 5, 6, 8, and 11) .
"Intracellular" tracheoles consist of intima and extensions of the tracheoblast. They are separated from the tracheolated cell at its surface by the cytolemma, and in the interior by the cell plasma membrane (Figs. I0 and 11).
PERIPHERAL NERVES A N D N E U R O M U S C U L A R JUNCTIONS
TEXT-~IG. 2. Semischematie drawing of a cross-section of a neuromuscular junction in the wasp leg. Traeheoles 3. Neuromuscular Junctions.--At the region of nerve-musde contact, the basement membranes of lemnoblast, muscle sarcolemma, and tracheoblast merge. The nerve and accompanying tracheoles then course longitudinally in a groove in the surface of the muscle fiber between the merged basement membranes and the plasma membrane of the muscle cell. At the synaptic areas (Figs. 5 to 9 and Text- fig. 2 ), the plasma membranes of axon and muscle fiber are closely apposed, separated only by an interspace of 12 m#. The axon at this point contains numerous synaptic vesicles of 25 m/z diameter and many mitochondria, but no neurofilaments (from Fig. 9 one can calculate an approximate 4,000 synaptic vesicles per /~3 of synapsing axon). The muscle fiber shows abundant mitochondria oriented longitudinally towards the synaptic region, extreme ramification of widened tubules of the endoplasmic reticulum, and accumulations of dense "aposynapfic granules." The sarcoplasmic, aposynaptic granules vary in size and density. They are generally heavily osmiophilic. They vary from 5 to 15 m/z in diameter, averaging 10 m/z. The granules are most closely packed at the synapse, but are also scattered in the sarcoplasm between the synapsing plasma membrane and the most peripheral myofibril. Axonal vesicles and mitochondria and muscle mitochondria and reticulum may be.seen at various points along the nerve-musde contact, but the tremendous aggregates of axonal synaptic vesicles on the one side of the synapse and sarcoplasmic aposynaptic granules on the other side are seen only at those regions where the respective plasma membranes are most intimately apposed. The contrast between synaptic and non-synaptic regions of the muscle may be seen by comparing Figs. 5, 6, 8, and 9 with Figs. I, and 10 to 12. In the non-synaptic regions there are fewer mitochondria, generally oriented around the Z lines in pairs (Fig. 12) . The vesicles and tubules of the endoplasmic reticulum are more uniformly distributed around the myofibrils in these regions.
4. Muscle Fiber.--The femoral muscle fiber of the wasp is a fibrillar, low frequency fiber with central nuclei. I t is characterized by radially arranged, band-shaped myofibrils of uniform thickness (250 m~), variable width, and 2.5 u sarcomere length (at rest); the myofibrils are separated by a well organized and abundant endoplasmic reticulum that forms a mantle of tubules and vesicles around each sarcomere. The mitochondria average 750 x 350 m#. They occur in pairs between the fibrils, and generally are situated on both sides of the Z planes. The nuclei are central and surrounded by aggregates of mitochondria. The tracheoles frequently enter into contact with the muscle fiber at those regions of muscle infolding where the endoplasmic reticulum is in close contact with the plasma membrane at the Z level, or in regions of nerve-muscle contact. "Intracellular" tracheoles are sparse and distributed close to the Z band level. The tracheole is not truly intracellular, but is separated from the muscle cell proper by the respective limiting membranes as described above. With the exception of its abundance of mitochondria, the femoral muscle fiber of the wasp is similar to that previously described for Dytiscus (Edwards and Ruska, 1955) .
The peripheral nerves and neuromuscular junctions of the wasp leg are in many respects similar to, and in many quite different from, vertebrate nerves and junctions. In general composition the femoral nerve and its branches to the wasp muscle fibers resemble vertebrate peripheral nerves (cf. Gasser, 1955; Hess, 1956; Caesar, Edwards, and Ruska, 1957) in that the nerve consists of casheathing lemnoblast and one or more axons suspended within the lemnoblast by the mesaxons. The striking differences are: (1) The lemnoblast basement membrane of the femoral nerve may be extremely thick (up to 220 In#) and of a cuticular nature. (2) In the vertebrate both myelinated and unmyelinated axons may be suspended within the same sheath cell (Hess, 1956; Caesar, Edwards, and Ruska, 1957) . The wasp leg nerve is morphologically neither myelinated nor unmyelinated. We propose the term "tunicated nerve" to designate this type of nerve in which one or several axons are loosely mantled by meandering, cytoplasm-enclosing membranes of the lemnoblast (Text- fig. 1 ). (3) In the vertebrates a restricted contact is made between peripheral nerve and innervated muscle fiber. In the insect, the peripheral nerve branch contacts the muscle fiber over a considerable distance, coursing longitudinally in a groove of the muscle fiber between merged basement membranes and muscle plasma membrane (Text- fig. 2 ).
The neuromuscular junctions (Text- fig. 2 ) observed in the wasp leg are relatively simple. They more closely resemble the junctions in vertebrate smooth muscle (Caesar, Edwards, and Ruska, 1957) than those of striated muscles in reptiles (Robertson, 1956 ) and mammals (Moore, unpublished) . The synapse, as in vertebrates, is characterized by abundance of synaptic resides and mitochondria on the axon side, and abundance of mitochondria and endoplasmic reticulum on the muscle side. The synapse in the wasp leg differs from that in vertebrate striated muscle, however, in having no digital folding of the muscle plasma membrane, no interposition of basement membrane material between the plasma membranes, and by the appearance of "aposynaptic granules" at the areas of closest contact.
The basement membrane, and the general concept of insect "connecting tissue" has been a considerable problem. The cuticular nature of the membrane and of other supporting or connecting tissues has been noted before (Richards, 1951; Weber, 1954; Tiegs, 1955) . Specifically relating to nerve, a lipoprotein "sheath" has been demonstrated histochemically and optically (Richards, 1951) . In the electron microscope, thin sections of basement membrane show a detailed laminar structure similar to that of cuticle. This is particularly true of the thick basement membrane found in nerve, tracheoblasts, afibrillar muscle fibers, lining of the gut, and hypodermis. The similarity of all basement membranes, the variation in thickness, plus the relation to the other components of the cytolemma, make it seem likely that all cells have the ability to secrete an outer membrane. The tracheoblasts form the insect "connecting tissues." They are the only interstitial material seen in electron micrographs. They intimately accompany all tissues, linking cells of similar or different type by merging of basement membranes. They retain their identity at all times. "Intracellular" tracheoles are separated from the tracheolated cell by the plasma membrane of the cell and the extension of the tracheoblast.
By micro injection, Hoyle (1952; has shown that the "neural lamella" in the insect could act as a potassium barrier. Conclusive experiments, involving desheathing of the ganglion, have shown that the sheath of the ventral nerve cord interferes with ion movement and with the action of pharmacologic agents (Twarog and Roeder, 1956; 112 PERIPHERAL NERVES AND NEUROMUSCULAR JUNCTIONS 1957) . The electron microscope permits the identification of the basement membrane as being the most likely cytolemmal component involved. A plasma membrane is common to all cells and is uniform in thickness. A basement membrane, however, may be absent or present, and when present may vary in thickness, chemical composition, and structural detail. In a variety of tissues the basement membrane is present on those sides of the cells exposed to interstitial material (Caesar and Edwards, 1957) , suggesting that the essential function of the basement membrane must be to maintain a more constant ion concentration at the plasma membrane. This is particularly necessary in the insect in which all tissues are exposed to the circulating haemolymph and in which the extracellular environment may undergo considerable variation in ion concentration. Thus, not only the nerve cord would need protected synapses (Twarog and Roeder, 1957) , but all cell borders exposed to the hemolymph would need protection by a relatively thick membrane. The basement membrane, in sum, would serve as the restrictive ion barrier, and the plasma membrane as the selective ion barrier (Ruska, Edwards, and Caesar, 1958) .
The distribution of tracheoles and mitochondria supports their role in the oxidative energy processes necessary for the reestablishment of contractile mechanisms and potentials. Each nerve branch carries its own tracheal supply. The areas of nerve-muscle contact are rich in tracheoles on both nerve and muscle sides and in both nerve and muscle, aggregates of mitochondria are concentrated near the contact areas. Intracellular tracheoles are more closely associated with mitochondria than with contractile material. Thus, the structures involved in impulse transmission and subsequent cell activity are amply supplied with oxygen and oxidative enzymes.
It is believed that when the motor impulse arrives at the neuromuscular junction, it causes the release of acetylcholine in unit quantities sufficient to set off the muscle action potential, and that even at rest quanta of acetylcholine are being released in subliminal amounts (FAR, 1954; Katz, 1956) . The presence of synaptic vesicles has suggested that these might be involved in either the formation of the chemical mediator or in its transmission across the synapse (de Robertis and Bennett, 1954; Robertson, 1956; Palay, 1956; Luft, 1957) . Indeed, De Robertis (1957) has shown that after stimulation of the afferent nerve there is a conspicuous increase in number of synaptic vesicles concomitant with an increased production of acetylcholine. It seems likely, in view of the foregoing, that similar processes are involved in the insect neuromuscular junction. One must note, however, that in addition to the axonal synaptic vesicles (common to all vertebrate synapses), the insect muscle shows "aposynaptic granules" characteristically aggregated at the region of most intimate plasma membrane apposition. It is quite evident from their unique distribution that they are also involved in the chemical processes in neuromuscular transmission.
The endoplasmic reticulum, by virtue of its phase-separating membranes and its oriented distribution within the cell, is the only morphologic system that could serve for intracellular conduction of excitation (Porter and Palade, 1957; Ruska, Edwards, and Caesar, 1958; Ruska, 1957) . Further morphologic evidence is seen in neuromuscular junctions in the wasp. In non-synaptic regions the endoplasmic reticulum comprises a regular system of tubules and vesicles linking plasma membrane with contractile material and nucleus. In the sarcoplasm surrounding the synapsing axon, however, the tubules of the endoplasmic reticulum ramify profusely, thus providing a greater membranous surface than in comparable non-synaptic regions. It cannot be stated, without physiologic measurement, that this arrangement is the conduction pathway, but the specialization of the semipermeable membranes of the reticular system in the synaptic region most certainly suggests this role. Further physiologic evidence of the type presented by Huxley (1956) , showing that local response to small stimuli occurs only at those muscle regions where the endoplasmic reticulum is in contact with the plasma membrane, is necessary BIBLIOGRAPHY Caesar, R., and Edwards, G. A., The physiologic significance of the basement membrane, Ana~. Rec., 1957, 128, 530. Caesar, R., Edwards, G. A., and Ruska, H., Architecture and nerve supply of mammalian smooth muscle tissue, J. Biophysic. and Biochem. Cy~ol., 1957, 8,867 . De Robertis, E. D. P., Some physiological and pathological changes in the submicroscopic morphology of the synapse, in Symposium on the submicroscopic organizatioa and function of nerve cells, Caracas, 1957 , t~xp. Cdl Researdz, 1958 . Fig. 9 , enlarged to show the synapse between axon (A) and femoral muscle fiber (M). The synaptic vesicles of the axon and the aposynaptic granules of the muscle fiber are more closely packed near the apposing plasma membranes. As seen also in Figs. 5, 6, and 7, the apposing synaptic plasma membranes are denser and thicker than normally. Vesicles have not been observed joining the axonal membrane, as in pinocytosis, nor do they pass intact across the membranes. The plasma membranes, however, may show small, dense irregular thickenings and perhaps discontinuities (particularly in Figs. 6 and 9 ). Between the apposing plasma membranes there sometimes occurs a granular substance of varying density that appears quite different from the homogeneous basement membrane material. These facts, plus the heavy accumulation (at arrow) of vesicles and granules, strongly suggest active participation of the plasma membrane in transmission of the impulse at the neuromuscular junction. X 206,000. 
